Precise manipulation of a microrobot in the pulsatile flow of human blood vessels using magnetic navigation system
Generating mobile fluidic traps for selective three-dimensional transport of microobjects We demonstrate noncontact transport of microscale objects in liquid environments using untethered, magnetic microrobots. The flow and vortices generated by the rotating microrobot are efficient for selective and gentle trapping, stable transport, and targeted delivery of microscale cargo. The motion of the microrobots can be precisely controlled even at very low frequencies using an advanced magnetic control signal. The design and control methodology presented here can be followed to develop microrobots utilizing the generated fluid flows and performing a variety of biomedical manipulation tasks. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4895937] Untethered, wirelessly powered microrobots can capture, transport, and deliver microscopic payloads in a targeted fashion. [1] [2] [3] [4] [5] [6] [7] For biomedical applications, stable and gentle transport of delicate material is an important requirement. Furthermore, the motion of these loaded vehicles has to be precisely controlled with high spatiotemporal resolution to guide them through complex trajectories inside microfluidic channels or in vivo microenvironments. On twodimensional (2D) surfaces, target objects can be moved around with microrobots using direct contact pushing. 8, 9 However, due to adhesion and mechanical deformation, noncontact methods based on fluid flows generated around the robot offer a more gentle transport. [10] [11] [12] Among these noncontact manipulation approaches, generating mobile vortices with rotating microbeads, 13 tumbling nanowires, 14 or rolling rod-shaped microdevices 15 has shown to be more effective and versatile. While these devices are developed for on-chip applications, magnetic microrobots can also be guided in three-dimensional (3D) space and employed for minimally invasive medicine. 3, 16 Helical microstructures transduce rotating uniform magnetic fields into forward motion with a propulsion technique that is more efficient than gradientbased pulling at low Reynolds number. 17 To transport objects with helical robots in 3D, a hand-shaped microholder can be fabricated at the tip of the helical body but this design has limited precision and selectivity in transport and only allows for direct contact pushing. 18 In order to utilize the generated fluid flows for gentle loading and unloading of microobjects, we designed and engineered a mobile micromachine with pumping capability. We also introduced an advanced magnetic control strategy to minimize wobbling during swimming and improve the reliability of confinement.
To generate mobile fluidic traps in 3D, we fabricated magnetic microrobots with single-threaded screw-shaped tails and tubular heads. Magnetic micromachines can be fabricated using a variety of different methods. [18] [19] [20] [21] [22] [23] Direct laser writing offers rapid prototyping for testing different geometries and opens up the possibility to engineer robots with complex shapes. 18, 19 The microrobots were printed monolithically in a negative-tone photoresist (SU-8 50, MicroChem) using threedimensional lithography (Photonic Professional, Nanoscribe GmbH). After the development step, a thin ferromagnetic film (Ni 100 nm, and Ti 5 nm) was deposited on the surface of the structures by Physical Vapor Deposition, as shown in Fig. 1(a) . We chose vertical writing, as the fabricated structures have more uniform shapes and smoother surfaces compared to horizontal arrays. 19 We printed the head on the surface as shown in the scanning electron microscope image ( Fig. 1(b) ) so that the tubular holder could act as a support for firm attachment during development and metal deposition.
The robots were designed to address two different requirements. The robot should be able to trap, transport, and release cargo in 3D using fluidic forces and its motion has to be precisely controlled by the external magnetic fields. We fabricated tails resembling screw-shaped propellers for generating stronger connections with the head. More importantly, the selected tail geometry transfers the fluid in a more directed manner so it can work as a micropump. The tubular head forms a confinement for the target objects. Through the microvortices and fluid displacement generated by the rotational motion of the robot, the particles can be selectively trapped and transported. While forward motion generates a pulling force towards the tail, the particles are pushed out of the head by reversing the direction of rotation. This strategy allows for on-demand release of cargo. The fluid flow generated inside the head acts as a barrier that minimizes adhesion.
We fabricated three types of microrobots (MR-I, MR-II, and MR-III) with different head geometries as shown in V C 2014 AIP Publishing LLC 105, 114102-1 (7.5, 10, and 12.5 lm), we studied the role of head geometry on robot locomotion and manipulation performance. Fig.  1 (d) shows the translational speed of different prototypes driven by rotating magnetic fields of varying frequencies in a tank filled with deionized water. Three orthogonally nested Helmholtz coil pairs were used to generate uniform rotating magnetic fields at the center of the setup where the tank was installed. The microrobots synchronously rotate with the applied magnetic field at low frequencies. The frequency at which the maximum forward velocity is achieved is known as step-out frequency and the robot's velocity rapidly declines when operated above that excitation frequency. 24 The step-out frequency depends on the friction, the robot's magnetization, and the field strength. The purple boxes depict the step-out frequencies at different magnetic field strengths. At the same frequency of rotating magnetic field, microrobots with straight heads (MR-II) swim faster than others (MR-I and MR-III), while MR-I and MR-III showed similar swimming performance. This could be due to a slight decrease in the drag force due to the symmetrical design.
We numerically simulated the flow fields generated by the microrobots using COMSOL Multiphysics. Rotating machinery interface uses the Navier-Stokes equation with a rotating/moving interior boundary to simulate the evolution of fluid flow. The robots move in low Reynolds Number regime where the viscous forces dominate the inertial forces. As a result, inertial terms can be neglected in the NavierStokes equation, which leads to the laminar Stokes flow defined by
where the pressure, velocity vector field, and viscosity are denoted by p, u, and g, respectively. In addition to the Stokes equation, the fluid is considered incompressible. The microrobots were placed inside cylinders (rotating domain) with a radius of 6 lm. The cylindrical domains along with the microrobots were rotated around their major axis. The position of the cylindrical domains and encapsulated robots were fixed throughout the simulation, i.e., they only rotate and remain fixed at their position. We placed the cylinders inside a rectangular box and generated fluid flow at the boundaries according to the experimentally recorded translational velocities. We determined inlet and outlet walls according to the direction of motion and placed a top wall with slip condition. We actuated the robots at frequencies significantly lower than the associated step-out frequency for precise manipulation. As a result, the angular velocities of the robots are set by the input frequency of the applied magnetic field. Fig. 2 shows the results of the simulations for the microrobots rotating at 9 Hz and moving with translational velocity of 13 lm/s. The direction of the dashed white arrows shown in Fig. 2(b) portrays the pumping in and out of fluid from the head during forward and backward motions. Due to the rotation of the body, a vortex exists in front of the head. While moving forward, this fluid flow traps the particles in the vicinity. Once pulled into the interior by the translational suction force, the particles experience a second vortex. This second vortex generates a circulation inside the head of the robot and holds the particles in the center (Fig. 2(c) ). When the robot is actuated backwards, the translational push force along with the outer vortex releases the particles.
The predicted flow around the microrobots was confirmed experimentally by observing the motion of cell-sized particles suspended in the surrounding solution. The selective loading and unloading polystyrene beads with an average diameter of 6 lm are demonstrated in Fig. 3 . All three prototypes can catch, firmly hold, and locally deliver the target cargo. Previous work showed that, in the absence of the pumping effect, the fluid pushed by the approaching robot moves the target microobjects away from the robot, which poses a significant challenge to selectively catch the cargo. 11, 18 With our configuration, we can perform highly localized trapping without translocating the target beads. Even when the beads are too big to be trapped inside the head, the robots still firmly hold them at the tip and reliably transport them to predefined locations. In our trials, we observed that MR-II and MR-III type robots have a wider area of attraction and can pull objects from longer distances. However, MR-I type robots were able to more easily release beads. We have also studied the effect of loading on swimming velocity. The velocity of loaded microrobots is a more realistic measure of the effectiveness for potential targeted delivery tasks. As shown in Fig. 3(c) , except MR-II, we did not observe a significant decline in the swimming performance of tested microrobots. To selectively catch microbeads, robots have to approach the cargo at very low speed. MR-II type robots have a larger surface area that interacts with the surface due to its symmetric design. At low speeds, this results in adhesion and erratic swimming behavior. Approaching the target with an angle to minimize exposure can resolve this issue.
Helical microstructures are inspired by the actuation mechanism of bacterial flagella and convert rotational motion to translational motion. When the misalignment angle h between the external magnetic field B and the helical axis A is close to 0 , the robots tumble. Tumbling motion can result in motility on 2D surfaces, but it cannot generate corkscrew motion. Robots with larger misalignment angles wobble around their helical axis at low frequencies of applied field. With increasing rotational frequencies the wobbling angle gradually decreases and finally a corkscrew motion occurs at sufficiently high frequencies due to fluidic interactions. For instance, at field strength of 1 mT, the frequency has to be higher than 15 Hz to stabilize the motion of our microrobots. However, with this actuation input, the translational speed exceeds 40 lm/s. At this relatively high speed, reliable and selective cargo transport is quite challenging. The misalignment angle can be adjusted to a value very close to 90 by optimizing the robot design 19 but this approach significantly limits the design space for manipulation tasks.
Here, we address this problem by applying an advanced magnetic control input as schematically described in Fig.  4(a) . Instead of an orthogonal magnetic field rotating around the X axis, we generated a conical field that can be dynamically adjusted to minimize off-axis motion. In the beginning of the experiments we gradually increased the cone angle until the microrobots start to move with corkscrew motion. For the prototypes introduced in this work, this initial characterization process resulted in angles between 1 and 6 . This angle changes with small variations in the fabrication process, metal deposition, and the design of the robot and cannot be precisely estimated off-line. With this advancement, we demonstrated stable corkscrew motion even at very low rotational frequencies (see Figs. 1(d) and 3(c) ).
To demonstrate the overall potential of the proposed 3D transport and delivery approach, we fabricated a 3D platform. As shown in the SEM image in Fig. 4(b) , the platform has multiple holes to serve as target locations. The robot's task is to collect particles from the surface of the pool, move up, and finally release the particle on top of one of the holes (Fig. 4(c) ). An MR-III type microrobot is chosen due to its advantages described previously. The operation strategy is as follows: First, the carrier approaches the cargo at very low rotational frequency (2 Hz) to minimize the fluidic disturbance. When the robot is very close to the bead we increase the frequency to 5 Hz to generate a fluid flow that is strong enough to pull the cargo into the holder. Once the bead is trapped, the pitch angle is gradually changed to À60 and the frequency to 30 Hz to move the robots up and swim over the 60 lm high wall. In order to swim over the platform and deliver the beads to target locations, the robot has to be at least 60 lm above the surface. To detect the z position of the robot, we calibrated the stage that controls the objective lens. This whole process could be automated by either using depthfrom-focus algorithms 25 or implementing holographic imaging. 26 To release the bead at the target location, we gradually changed the pitch angle to head down and started to rotate the body in the opposite direction at 30 Hz. The beads are pushed out of the robot and land at their goal position with the aid of gravity. The entire process can be repeated several times to fill the other empty slots.
In conclusion, we have introduced a simple approach to design and fabricate helical microrobots that can utilize fluid flow for selective and precise manipulation of microobjects. The materials comprising the devices are biocompatible and can be used with biological samples. We experimentally and numerically analyzed the performance of different robot designs and introduced an advanced magnetic control strategy to stabilize the wobbling and perform corkscrew motion even at very low rotating frequencies. This control strategy can be used to reliably steer arbitrarily shaped helical devices at low speed. We demonstrated selective and gentle trapping, stable transport, and targeted delivery of microscale cargo in 3D. The design and fabrication methodology presented here can be followed to generate microrobots performing a variety of biomedical manipulation tasks. (a) Illustration of tumbling and wobbling motion and introduced magnetic control strategy to stabilize and generate corkscrew motion at low frequencies. h is the misalignment angle between the external field (F) and the helical axis (A). In conventional control strategy, the user sets the pitch, yaw, field strength, and frequency. In advanced control, we modulate a fifth parameter ( 
